Starting from elemental powders, simultaneous synthesis and compaction of SiC were conductedat 3 GPapressureandtemperatures in the range 2100-2900 K. The sintered compacts were characterized by x-ray diffraction, microhardness measurements, and microscopic studies. The efficiency of formation of SiC was dependent on the particle size of the silicon powder, crystallinity of the reactant carbon, molar ratio of silicon and carbon, and synthesis temperature and time. Carbon in excess of the stoichiometric amount was required to obtain compacts free from residual silicon. The SiC samples, with a Si: C molar ratio I: 1.05. prepared at 2100 K for 300 s had a density and hardness of 3.21 g/cm3 (98.8% of theoretical density) and 22 GPa, respectively. The crystal structure of the SiC depended on the synthesis temperature. Pure f3 -SiC in the temperature range 2100-2500 K, and a mixture of a -and f3-SiC above 2S00 K were obtained. The f3-SiC was highly crystalline and nearly defect-free.
I. INTRODUCTION
i1 i I A highly exothermic reaction, once started,can run to completion by the propagationof combustion zone through the reactant mixture. Such reactionshave been long since used in welding, I fabrication of cermets, 2 and ceramic composites.3.4More recently, Merzhanov and Borovinskaya5 systematically exploited this principle in synthesizing a large number of compounds. This process, commonly known as the self-propagatinghigh temperature synthesis (SHS), has now been used to synthesize over 200 compounds.Extensivereviews on SHS can be found in the literature.6--9 The SHS process has two distinct advantages.As the heatof reaction is used to complete~hereaction,considerableheat energy savings areexpected.The reaction productis free from volatile impurities as these are driven out when the reaction zone reaches high temperature.The reaction product, however,is porous.The porosityis causedby a number of factors, such as, the volume changeinherent in the reaction,short duration(insufficient for sintering) of the high temperaturereaction zone, porosity present in the reactionmixture, and escapeof thegasesduring the reaction. For any practical application, the product of SHS has to be compactedand sintered.Miyamoto et al. 10suggestedthat the synthesis andcompaction can be carried out in a single stepif SHS is conductedunder high pressure.This processis termed as high-pressure self-combustion sintering (HPCS). The HPCSof SiC at 3 GPa and 2270 K for I s gave compactswith 90% theoretical density which contained f3-phase(cubic) and had high hardness(21 GPa). systematic study was carried out to establish the dependence of the starting mixture composition and synthesis temperature on the formation and crystal structure of SiC. The reaction mechanism and the microstructural features are also discussed.
II. EXPERIMENTAL
Silicon powder (99.999% pure from Koch-Light Ltd., UK) and amorphous carbon powders from three different sources: Philips carbonblack (carbon-A),soot collected by burning camphor (carbon-B), and activated charcoal, GR grade marketed by Sarabhai Chemicals, India (carbon-C) were used as the starting materials. The carbon powderswere heatedto 1700 K under inert atmosphere for 8.6 X 104 Sto remove the volatilematter.
The x-ray diffraction analysis of these powders showed that carbon-C was least crystalline (Fig. I) . The Si + C mixtures were preparedby both dry and wet milling.
Dry milling was performed in a Spex mill-8000in argon atmosphere for 2.4 X 103 s. Wet milling was carried out in a Fritsch Pulverisette-S centrifugal mill in hexane medium for 8.6 X 104 s. The milled powder wasdried and stored undervacuum. The average particlesizesof the dry-and wet-milled powderswere 8.6 and 3.2 Jlm.
respectively. . The simultaneous synthesis and sintering expenments at high pressures and high temperatures were carried out using a cubic anvil apparatus (anvil face: 10 mm square) capable of generating pressures up to 6.5 GPa. A high pressure-high temperature celIlc capable of producing sample temperatures up to 330?K was used (Fig.2) . The reactantmixture was packed10a graphite tubular heater fittedin a pyrophyllite cube.The In a typical experiment, the sample was first pressurized to 3 GPa, heated to the required temperature (2100-2900 K). and cooled after a waiting period (30-300 s). Two types of heating schedules were adopted: (i) heating to desired temperature (one-step heating) and (ii) holding the temperature at 1500 K for 600 s followed by heating to the desired temperature (two-step heating). In both types of experiments, the heating rate was 40 K/ s.
The surfaces of the recovered samples (in the form of disks,~3.5 mm in diameter and~4 mm thick) were flattened by wet polishing on a cast iron wheel using coarse diamond paste (~50 ,urn). Thiswas followed by fine polishing with diamond paste of decreasing grit size 
III. RESULTS AND DISCUSSION

A. One-step heating
The microstructures of the sintered compacts prepared at 2100 K for 60 s with the reactant mixtures having different carbon powders are shown in Figs. 3(a)-3(c). Three distinct phases which appear as grey. white. and black regions are seenin the micrographs. The phases were identified by microhardness measurements and metallographic observations. The grey regionshad high hardness(~22 GPa) and were identified as SiC. The white regions had low hardness (~II GPa)and were identified as unreacted silicon.
The black regions were unreacted carbon and pores. The fraction of the SiC formed in the sintered compacts, prepared underidenticalconditions. wasmaximum when carbon-C was used. Fig. 4(a) l. In a finer powder mixture, the contact area between the reactants is larger and provides more sites for the initiation of the reaction. A!so, the distances through which the reactants have to diffuse are smaller. Both these factors result in a faster rate of reaction.
The results indicate that the formation of SiC is enhanced if the carbon is less crystalline and the reactant powders are of small particle size. In view of this, further experiments were carried out with the wet-milled powder mixture containing carbon-C only. Powder mixtures with Si : C molar ratio I: I, I: 1.02, and 1: 1.05 were used.
These are referred to asC-I, C-2, and C-3, respectively. The microstructures of the compact (C-l) prepared at 2300 K for fiO s are shown in Figs. 5(a)-5(c). These contain a large fraction of unreacted silicon and carbon. The heat of formation of SiC is relatively low . (69 kllmol) and is insufficient for the spontaneous propagation of the reaction. Also, the application of high pressure establishes good contact between the reactan~s leading to enhanced heat loss 'by conduction. Therefore. if the reactant mixture is ignited, with no further supply of energy, the reaction progresses through the whole compact but is limited to the surfaces of the reactants.
At the start of the reaction, silicon melts and reacts with solid carbon. Initially, several nuclei of SiC fonn at the Si -C interface, which with time, grow and impinge on each other. Thus, a solid SiC rim is formed around the molten silicon pool and physically separatesthe reactants Fig. 5(c) ]. Since the diffusion coefficient of carbon in SiC is low, it is essential to maintain high temperatUre until the reaction is completed.
The powders contain a substantial amount of adsorbed oxygen due to high surface area. In addition. the silicon powder contains a thin layer of Si02 on the surfaces. At high temperatures, both chemically combined ----- andadsorbedoxygen react with carbon and produce C02/COgas. The resultingcarbonlossgivesrise to free siliconin the compacts. To avoid this, carbon in excess of the stoichiometric amounthas to be provided in the reactant mixtures.
The increase in synthesistime to 300 s resulted in a higher fraction of SiC in the compact (Fig. 6(a) The compacts prepared in the temperature range 2100-2500 K contained f3-SiC (Fig. 7) . At the onset of the reaction, many f3-SiC nuclei form at the Si-C interfaceand with the progress of the reaction, the facetedSiC grains grow insidethe liquid silicon pool [ Fig.S(c) ]. The microstructureof the compact after the completionof the reaction is given in Fig. 8(a) . At temperatures >2500 K, the microstructure changes to a mixture of equiaxed (f3-SiC) and elongated grains (a-SiC) (Figs.7 and 8(b) ). The elongated grains with highaspectratio (platelike morphology) is known to developl.J when f3-SiC transforms to a -SiC. This indicates that initiallymoltensiliconreactswithcarbonto form f3-SiC which transformsto a -SiC at temperatures 2500 K. The f3 ---+ a transformation is completed at 2500 K in~300 s. Further increasein temperature or synthesis time results in the coarsening of a -SiC platelets. Around 2800 K, the decompositionof a-SiC to silicon and carbon is observed [ Fig. S(c) ]. Above this temperature, the microstructure contains a -SiC platelets, silicon, and carbon phases.
The densities of the compacts preparedat various processing conditions are listed in Table I . These are also expressed in terms of percent theoretical density (% TD). However, it may be noted that the sintered compacts haveunreacted siliconand carbonwhich have fewer densitiesthan SiC. Therefore, theactualporosities in the compactsare less than those reportedin Table I .
Taking into account the unreacted silicon (2.33 gj cm3) and carbon (1.7 gj cm3) present, the calculated densities of the sintered compacts prepared from powder mixtures with Si: C molar ratios 1: 1, 1: 1.02, and 1: 1.05 are 3.08, 3.20, and 3.23 g cm-3, respectively.
The present results indicate that the reaction takes place in two stages. On reaching~2100 K, the reaction is self-propagating but limited to the surfaces of the reactants. On subsequent holding at this temperature, the reaction is completed by the diffusion of carbon through SiC. Therefore, the time required for the completion of the reaction is dependent on the synthesistemperature. 
B. Two-step heating
It is observed that the porosity is less when the heating is done in two steps (Table I ). The compacts --42 (C-3) prepared at 2100 K for 300 s had a maximu density of 3.21 g/cm3 (98.8% of TD). The porosityt he sintered compacts is due to the release of adsorbed gases and gaseous products at high temperatures. In pressureless sintering. most of the gaseous phases Come out of the sample. In high pressure sintering, the Compact is completely isolated from the atmosphere and therefore, no gaseous phase can escape. The amountof gaseous products as well as the gas pressure inside the pores increase with the increase in temperature. Both these factors hinder densification and result in higher porosity in the sintered compacts. When the temperature is held at 1500 K for 600 s, the reactant mixture gets densified due to deformation of silicon particles. This hinders the evolution of gaseous products leading to denser compacts.
The hardness value of the compacts synthesized in the temperature range 2100 -2500 K ({3-SiC) is 23 :t I GPa. Compacts synthesized in the temperature range 2500-2700 K havea hardness of 30~1 GPa in the a -SiC regions. Irrespective of the heating schedule (one-step or two-step), the compacts have similar hardness values.
IV. SUMMARY
In the HPCS of SiC, the reaction between silicon and carbon does not go to completion due to the weak exothermicity (69 kl/mol) of the reaction and enhanced conduction losses under high pressure. Completion ofthe reaction requires externally supplied heat. Also, carbon in excess of the stoichiometric amount has to be provided in the reactant mixture to obtain compacts free from residual silicon. After the reaction commences and the solid SiC product is formed, the reaction proceeds by the diffusion of carbon atoms through the SiC layer into silicon melt. The crystal structure of the SiC is dependent on the synthesis temperature. It is pure f3-SiC in the temperature range 2100-2500 K, and a mixturẽ~>~~I lOO~;~'. 
